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Past studies have found that, in adults, the acoustic properties of sound signals (such as fast 
versus slow temporal features) differentially activate the left and right hemispheres, and some 
have hypothesized that left-lateralization for speech processing may follow from left-lateralization 
to rapidly changing signals. Here, we tested whether newborns’ brains show some evidence 
of signal-specific lateralization responses using near-infrared spectroscopy (NIRS) and auditory 
stimuli that elicits lateralized responses in adults, composed of segments that vary in duration and 
spectral diversity. We found significantly greater bilateral responses of oxygenated hemoglobin 
(oxy-Hb) in the temporal areas for stimuli with a minimum segment duration of 21 ms, than 
stimuli with a minimum segment duration of 667 ms. However, we found no evidence for 
hemispheric asymmetries dependent on the stimulus characteristics. We hypothesize that 
acoustic-based functional brain asymmetries may develop throughout early infancy, and discuss 
their possible relationship with brain asymmetries for language.
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development
 lateralization of language in adults. Indeed, language is a very com-
plex signal defined at several hierarchical levels (features, phonemes, 
morphemes, utterances), the acoustic correlates of which use the 
entire spectrum of cues, from very short temporal events to complex 
and rather slow spectral patterns (see also Minagawa-Kawai et al., 
2011a). Nonetheless, the idea that signal characteristics provide an 
initial bias for left/right lateralization is theoretically attractive, as it 
would reduce the number of specialized brain networks stipulated 
in infants, and makes important predictions regarding the develop-
ment of functional specialization for speech on the one hand, and 
the biases affecting auditory processing even in adults.
Therefore, it is not surprising that this view has inspired a great 
deal of research over the past 10 years. Over this period of time, a 
number of operational definitions of precisely what in the acoustic 
signal determines lateralization have been proposed. Some of the 
acoustic candidates proposed to determine the hemispheric domi-
nance include the rate of change (Belin et al., 1998), the duration 
of constituent events (shorter leads to left dominant; Bedoin et al., 
2010), the type of encoding (temporal versus spectral, Zatorre and 
Belin, 2001), and the size of the analysis window (Poeppel et al., 
2003). Among these many hypotheses, two dominant views are 
emerging. The multi-time-resolution model (Poeppel et al., 2003) 
stipulates that the left and right hemispheres are tuned to different 
frequencies for sampling and integrating information. Specifically, 
the left (or bilateral) cortices perform rapid sampling of small inte-
gration windows, whereas the right cortices perform slow sampling 
over a rather large integration window (Hickok and Poeppel, 2007; 
Poeppel et al., 2008). The temporal versus spectral hypothesis (Zatorre 
and Belin, 2001) emphasizes the trade-off that arises between the 
representation of speech that have good temporal resolution and 
IntroductIon
There is a considerable gap between what we know about the lan-
guage brain networks in adulthood and the development of this 
network in infancy. At the root of this gap is the lack of non-invasive, 
infant-friendly imaging tools. In the past decade, multi-channel 
near-infrared spectroscopy (NIRS) has generated a lot of interest, 
as it can measure infants’ cerebral cortex hemodynamic responses 
with a spatial resolution of about 2–3 cm and is as innocuous as 
electroencephalography (EEG; Minagawa-Kawai et al., 2008 for 
a review). One of the issues that remain largely unsettled is the 
developmental origin of the left lateralization for language that 
is observed in adults (see Minagawa-Kawai et al., 2011a). At least 
two general hypotheses have been put forward; the domain-driven 
hypothesis postulates that there brain networks specifically dedi-
cated to language (see Dehaene-Lambertz et al., 2006, 2010). The 
signal-driven hypothesis holds that specialization for higher cogni-
tive functions emerges out of interactions between sensory signals 
and general learning principles (see Elman et al., 1997). In par-
ticular, the left–right asymmetry for language found in adults has 
been tied to a structural preference of left cortices for fast changing 
signals as opposed to slow changing signals. Such patterns have been 
supported by brain data collected on human adults (Zatorre and 
Belin, 2001; Boemio et al., 2005; Schonwiesner et al., 2005; Jamison 
et al., 2006), animals (Wetzel et al., 1998; Rybalko et al., 2006), and, 
more recently, infants (Homae et al., 2006). In this general instan-
tiation, the left hemisphere is preferentially involved in processing 
rapid changes such as those that distinguish phonemes, whereas 
the right hemisphere is more engaged in spectral processing such 
as that required for the discrimination of prosodic changes. The 
fast/slow distinction in itself cannot be sufficient to account for the 
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those that have good spectral resolution. Temporal information 
would be represented most accurately in the left hemisphere and 
spectral information in the right hemisphere. Even though these 
hypotheses have a family resemblance, they are conceptually dis-
tinct, and have given rise to distinct sets of stimuli, which vary in 
the lateralization patterns they elicit in different brain structures.
In general, signal-driven asymmetries have most frequently 
been observed in the superior temporal gyrus (STG), particularly 
the auditory cortex (Belin et al., 1998; Zatorre and Belin, 2001; 
Jamison et al., 2006). In addition, anterior and posterior superior 
temporal sulcus (STS) (Zatorre and Belin, 2001; Boemio et al., 
2005), as well as the temporo-parietal region (Telkemeyer et al., 
2009), have been reported to be sensitive to the acoustic properties 
of stimuli. Regarding lateralization, some studies document left 
dominance for fast stimuli and right dominance for slow ones, 
whereas other studies only report half of this pattern (typically, 
only right dominance for slow stimuli; e.g., Boemio et al., 2005; 
Britton et al., 2009). We believe that some of this diversity could be 
due to using different stimuli and different fractioning of regions 
adjacent to the auditory cortex (see Belin et al., 1998; Giraud et al., 
2007). Therefore, it becomes imperative to assess the existence of 
signal-driven asymmetries early on in development using a range 
of different stimuli.
The first infant studies documenting variable lateralization pat-
terns in response to auditory stimulation typically focused on the 
contrast between speech and non-speech. For example, Peña et al. 
(2003) found that the newborn brain exhibited greater activation 
in the left hemisphere when presented with forward than with 
backward speech. Sato et al. (2006) replicated this effect for the 
newborns’ native language, but documented symmetrical temporal 
responses to forward and backward speech in a language not spoken 
by the newborns’ mothers. These results suggest that experience 
may modulate left dominance in response to speech; however, since 
forward and backward speech (native or non-native) are similar in 
terms of the fast/slow distinction, these results cannot shed light 
on the possible existence of signal-driven asymmetries.
In fact, only one published study has tested one implementa-
tion of the signal-driven hypothesis in newborns. Telkemeyer et al. 
(2009) presented newborns with stimuli previously used on adults 
by Boemio et al. (2005). The stimuli set used in the newborn study 
consisted in static tones concatenated differently in the different 
conditions, so as to vary their temporal structure. There were two 
fast conditions, obtained by concatenating segments of either 12 or 
25 ms of length; and two slow conditions, where segments where 
either 160 ms or 300 ms of duration (the adult version had two 
additional conditions, where segments were 45 and 85 ms in dura-
tion; and a second set of frequency modulated tones with the same 
temporal manipulations). The adult fMRI study by Boemio et al. 
(2005) had documented a bilateral response to the temporal struc-
ture, such that there were linearly greater activation with greater 
segment length in both left and right STS and STG. Telkemeyer et al. 
(2009) measured oxy- and deoxy-Hb changes using six NIRS chan-
nels placed over temporal and parietal areas in each hemisphere. 
The results reported only included deoxy-Hb signals on three NIRS 
channels in each hemisphere; one of these three channels exhib-
ited a greater activation over the right temporo-parietal area for 
the 160 and 300 ms conditions. This last result, however, was not 
particularly strong statistically, as the greater activation in the right 
hemisphere was only significant on a one-tailed, uncorrected t-test. 
In addition, results showed an overall stronger bilateral response 
for stimuli using 25 ms modulations compared to all other dura-
tions. Thus, in neither the adult nor newborn data did those stimuli 
modulate the activation of the left hemisphere. Both of these results 
are in line with a recent version of the multi-temporal-resolution 
model that proposes that temporal structure modulates activation 
bilaterally (Poeppel et al., 2008).
However, as we mentioned above, this is not the only instantia-
tion of the signal-based hypothesis, and different sets of stimuli 
have led to more or less clear-cut lateralization patterns. In the 
study presented here, we re-evaluate the possibility that new-
borns’ functional lateralization can be modulated by acoustic 
characteristics of the auditory stimulation using a set of stimuli 
that vary in both temporal and spectral complexity; and which 
has elicited a clear left–right asymmetry in adults according to 
both PET (Zatorre and Belin, 2001) and fMRI (Jamison et al., 
2006). These adult data suggested that left temporal cortices were 
most responsive to fast, spectrally simple stimuli; whereas spec-
trally variable, slow stimuli elicited greater activation in right 
temporal cortices. As noted above, newborn studies sometimes 
lack statistical power. We tried to maximize the statistical power 
in the present study in several ways. First, we selected a small 
subset of 3 out of the original 11 conditions used by Zatorre and 
Belin (2001), selecting an intermediate case with long duration 
and little variability (“control”) as well as the two most extreme 
conditions, namely brief, 21 ms segments with little spectral vari-
ability across them (fixed at 1 octave jumps; “temporal”); and 
long, 667 ms segments with greater spectral variability across sub-
sequent segments (any of eight different frequencies could occur; 
“spectral”). Fewer conditions ensured more trials per condition; 
and the choice of extreme temporal and spectral characteristics 
enhanced the probability of finding signal-driven asymmetries. To 
further increase the power, the artifacts were rejected so as to keep 
as much good data as possible (for instance, an artifact in the mid-
dle of a trial will not necessarily yield a removal of the entire trial, 
but only of the section of signal that was artifacted). In addition, 
we measured signals from both small (2.5 cm) and large (5.6 cm) 
separations between probes and detectors, potentially opening 
up the possibility of measuring “deeper” brain regions; and we 
provide data for a total of 14 channels per hemisphere. With 
this configuration, we could sample at several of the potential 
candidates for asymmetries: STG involving auditory cortex (one 
shallow and deep channels), anterior STG and STS (two channels), 
and temporo-parietal (one channel – similar to the one showing 
a trend toward an asymmetrical activation in Telkemeyer et al., 
2009). Finally, we have investigated both oxygenated hemoglobin 
(oxy-Hb) and deoxy-Hb, while only deoxy-Hb was reported in 
the previous newborn study looking at the question. Although 
it has been argued that deoxy-Hb is less affected by extracer-
ebral artifacts than oxy-Hb (see Obrig et al., 2010; and Obrig 
and Villringer, 2003, for important considerations regarding the 
two measures), most previous NIRS research on infants focuses 
on oxy-Hb, which appears to be more stable across children. In 
a recent review, Lloyd-Fox et al. (2010) report that of all infant 
NIRS studies published up to 2009, 83% reported increases in 
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MaterIals and Methods
PartIcIPants
Thirty-eight newborns were tested; we excluded nine infants 
who did not have enough data due to movement artifacts, loose 
attachment, or test interruption due to infant discomfort. The 
final sample consisted of 29 infants (15 boys), tested between 0 
and 5 days of age (M = 2.41), for which we obtained the equiva-
lent of at least 10 full analyzable trials per condition, for more 
than 50% of the channels. Parental report indicated that both 
parents were left handed in one case (<5%), and one parent was 
left handed in seven cases (<25%). All infants were full-term 
without medical problems. Consent forms were obtained from 
parents before the infants’ participation. This study was approved 
by the CPP Ile de France III Committee (No. ID RCB (AFSSAPS) 
2007-A01142-51).
oxy with stimulation, 6% decreases, 1% no change, and 3% did 
not report it; in contrast, 28% reported increases in deoxy with 
stimulation, 17% decreases, 19% no change, and 36% did not 
report it altogether. Our analyses below concentrate on oxy-Hb; 
results with deoxy-Hb, showing the same pattern but with weaker 
significance levels, are reported in Table A1 in Appendix.
We expected that through the combination of these strategies, we 
would be able to document signal-based asymmetries as elicited by 
maximally different stimuli in terms of their spectral and temporal 
composition. Based on the previous adult work carried out with 
these same stimuli, we predicted that, if temporal and spectral char-
acteristics drove lateralization early on in development, temporal 
stimuli should evoke larger activations than control stimuli in the 
LH, and spectral stimuli should evoke larger activations in the RH 
when compared to control stimuli.
Table 1 | Levels of activations (oxy-Hb changes) for temporal, control, and spectral conditions.
Channel
 Temporal Control Spectral
β T N p (unc) p (corr) β T N p (unc) p 
(corr)
β T N p 
(unc)
p (corr)
LeFT SHaLLow
 1 MFG/IFG 0.0129 2.49 28 0.022 ns
 2 IFG 0.0122 2.11 29 0.046 ns 0.0111 1.75 29 0.088 ns
 3 aSTG 0.0208 3.20 28 0.004 ∼
 4 STG/IFG 0.0223 3.99 29 0.001 0.008
 5 Precentral 0.0170 2.59 29 0.017 ns
 6 STG/STS 0.0154 1.86 29 0.072 ns 0.0117 2.09 29 0.048 ns 0.0117 1.95 29 0.063 ns
 7 STG 0.0165 2.96 29 0.008 ns 0.0150 2.37 29 0.028 ns 0.0208 2.60 29 0.017 ns
 8 SMG 0.0208 3.16 29 0.005 ∼ 0.0156 2.07 29 0.050 ns
10 SMG/pSTG 0.0156 2.64 29 0.016 ns
LeFT deeP
4a FG/TG 0.0162 2.92 29 0.008 ns 0.0118 1.78 29 0.084 ns 0.0122 1.75 29 0.088 ns
4b  FG/postcent 0.0149 2.87 28 0.009 ns 0.0099 2.11 28 0.047 ns
7a  STG/SMG 
postcentral/
0.0265 3.43 28 0.002 0.037 0.0122 2.41 29 0.025 ns
7b TG/FG 0.0160 2.24 29 0.036 ns 0.0181 2.36 28 0.028 ns
RigHT SHaLLow
 1 MFG/IFG 0.0173 2.18 29 0.041 ns −0.011 −1.87 28 0.072 ns
 2 IFG 0.0200 2.95 29 0.008 ns
 4 STG/IFG 0.0259 5.27 29 0.000 0.000 0.0163 2.49 29 0.021 ns 0.0178 2.43 29 0.024 ns
 5 precentral 0.0131 1.90 29 0.068 ns 0.0221 3.34 29 0.003 0.044
 6 STG/STS 0.0194 3.14 29 0.005 ∼
 7 STG 0.0218 3.74 29 0.001 0.016 0.0155 2.14 29 0.044 ns 0.0135 2.05 29 0.052 ns
 8 SMG 0.0229 3.85 29 0.001 0.011
10 SMG/pSTG 0.0131 2.30 28 0.032 ns
RigHT deeP
4a FG/TG 0.0178 2.82 29 0.011 ns
4b  FG/postcent 0.0169 3.31 29 0.003 0.050
7a  STG/SMG 
postcentral
0.0252 4.84 29 0.000 0.001 0.0172 2.62 28 0.016 ns
7b/TG/FG 0.0134 2.93 29 0.008 ns
N, number of children contributing data for that channel and condition; unc, uncorrected; corr, corrected. MFG, middle frontal gyrus; IFG, inferior frontal gyrus; a, 
anterior; STG, superior temporal gyrus; STS, superior temporal sulcus; p, posterior; MTG, middle temporal gyrus; FG, frontal gyrus; TG, temporal gyrus.
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and so forth). Therefore, the stimuli with a base duration of t 
contained segments of varying duration, whose average was Σ
n
 
n.2−n/Σ
n
 2−n ∼ 2t. This random sampling procedure was chosen in 
order to avoid the appearance of a low frequency spectral compo-
nent that would have arose if a strict alternation had been used. 
We truncated the original stimuli in Zatorre and Belin (2001) 
to last 10 s (1 trial = 10 s stimulation). Trials belonging to the 
three conditions were presented in random alternations. A jittered 
silence period was inserted between the trials (8–14 s). A run was 
the concatenation of eight trials of each type (i.e., a total of 24 
trials per run). Infants we presented with 2 or 3 runs depending 
on their state; for a total of 24 trials per condition, or 72 trials in 
overall total. Specifically, if the infant was calm enough without 
too much movement even after the two runs, we kept on record-
ing. Twenty-one out of the 29 infants included finished all 3 runs; 
in average, infants completed 2.7 runs.
Procedure
Changes in hemoglobin concentrations and oxygenation levels in 
the bilateral temporal and frontal areas were recorded using NIRS. 
Our NIRS system (UCL-NTS, Department of Medical Physics 
and Bioengineering, UCL, London, UK; Everdell et al., 2005) 
continuously emits near-infrared lasers of two wavelengths (670 
and 850 nm) from four sources on each pad, each of them being 
modulated by a specific frequency for source separation. The light 
transmitted through scalp and brain tissues is measured by four 
detectors on each pad, as shown in Figure 2. This configuration 
provides data from 10 channels between adjacent source-detector 
pairs, at a distance of 25 mm; and four channels between non-
adjacent pairs, at a distance of 56 mm. According to Fukui et al. 
(2003)’s model on light penetration in newborns, the NIR light 
remains in a shallow area of the gray matter with separations of 
20–30 mm, but it may go into white matter with 50 mm separations. 
Therefore, we will call the first 10 “shallow,” and the other 4 “deep.” 
Channel numbering goes from anterior to posterior, with deep 
channels coded with the same number, as a shallow counterpart 
that travels in the same region and a letter (a/b).
The NIRS recording was performed in a sound-attenuated room. 
In attaching the probes, we used the international 10–20 system 
as a reference, aligning the bottom of the pad with the T3–T5 line 
using anatomical landmarks. Once the cap was fit, the stimuli 
were presented from a loudspeaker at about 80 dB measured at 
the approximate location of the infant’s head. The infants were 
inside their cots while they listened to the stimuli; all of them were 
asleep for most or all of the study.
data analysIs
Preprocessing
We used the modified Beer Lambert Law to convert intensity sig-
nals into oxy- and deoxy-Hb concentration. Movement artifacts 
are typically detected through the application of a threshold on 
signal change measured by the difference between successive sam-
ples for each channel (e.g., Peña et al., 2003; Gervain et al., 2008). 
Unfortunately, this strategy cannot be applied to deep channels, for 
which the signal-to-noise is very low, due to high signal attenuation 
because of a longer path length through brain tissues. An applica-
tion of the standard thresholds for deep channels would result in 
stIMulI
The stimuli were pure-tone patterns which varied in their spectral 
and temporal properties as shown in Figure 1 using two param-
eters: f, the frequency separation between two adjacent tones, 
and t, the base duration of a tone segment. The original stimuli 
in Zatorre and Belin (2001) included a five-step continuum of 
stimuli varying in spectral complexity, a five-step continuum of 
stimuli varying in temporal complexity, and a control condition 
(see Figure 1 of Zatorre and Belin, 2001 for more details). Among 
them, we selected two conditions that constituted the extreme 
exemplars of the spectral and temporal continua, respectively, 
plus the control condition (Zatorre and Belin, 2001). The acoustic 
parameters of the stimuli in these three conditions are as follows. 
The control stimuli (low spectral complexity – long duration) con-
sisted in randomly selected pure tones of either 500 or 1000 Hz (a 
frequency separation of one octave, i.e., f = 1200 cents) and a long 
base duration (t = 667 ms). These had low spectral complexity 
because only two frequencies were used; this is evident in the long 
term spectrum shown in Figure 1 (top panel). Spectral stimuli 
(high spectral complexity – long duration) had the same temporal 
properties as the control stimuli (t = 667 ms), but consisted of 
tones selected from a set of 33 frequencies, roughly spaced by 1/32 
of an octave, between 500 and 1000 Hz (minimum separation 
f = 37.5 cents, see the more complex long term spectrum, Figure 1, 
bottom right). Temporal stimuli (low spectral complexity – short 
duration) kept the spectral properties identical to those in the 
control condition, with randomly selected tones of either 500 or 
1000 Hz (f = 1200 cents), but used a much shorter base duration 
(t = 21 ms). The stimuli were generated through a random sam-
pling procedure respecting the following distribution: if the base 
duration was t for a condition, the actual duration of a tone of 
a given frequency varied from t to nt, where n is an integer, with 
probability of 1/2n. Therefore, the highest probability of occur-
rence (1/21 = 0.5) is equal to the shortest duration (t). The next 
longer tone would have a duration of 2t, and would occur with 
a probability of 1/22 = 0.25 (a probability for 3t is 1/23 = 0.125 
FiguRe 1 | Schematic representation of the auditory stimuli. Each pair of 
panels shows a stimulus sequence represented on the left as a spectrogram 
(frequency as a function of time) and on the right as a Fourier spectrum 
(amplitude as a function of frequency). The top pair of panels shows the 
control stimulus: two tones with a frequency separation f of 1200 cents (one 
octave) with the fastest temporal change of t = 667 ms. The bottom two 
panels represent temporal and spectral conditions. The figure is adapted from 
Zatorre and Belin (2001) with permission (No. 2681761435248).
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1.5 mM·mm in 100 ms. The channel-based movement artifacts 
were computed by taking the set theoretic union of the movement 
artifacts of the two probes (sources and detectors) defining a par-
ticular channel. Additionally, if there were less than 20 s between 
two regions of artifact, the intervening signal was esteemed to be 
too short for a proper analysis (20 s is the duration of a typical 
hemodynamic response from the brain) and was also coded as 
artifacted. In brief, this method profits from the relatively good 
signal-to-noise ratio of the surface channels to detect probe-based 
movement artifacts, and then applies the temporal definition of 
these artifacts to the analysis of both surface and deep channels.
Non-linear detrending was achieved through applying a general 
linear model (GLM) to the data of each channel, introducing sine 
and cosine regressors of periods between 2 min and the duration 
of the run (8 min), plus a boxcar regressor for each of stretch of 
non-artifacted data (to model possible changes in baseline after 
a movement artifact). The artifacted regions were silenced (that 
is, given a weight of zero in the regression; this is mathematically 
removing almost all of the signal. We therefore developed a probe-
based artifact rejection technique based on the consideration that 
movement artifacts should theoretically affect probes (i.e., poor 
probe attachment where a given source or detector is not close 
enough to the skin), rather than individual channels. Therefore, we 
applied artifact detection not on the individual channels signals, 
but to the average of all of the signals relevant for a given probe. 
Naturally, movement artifacts could affect multiple probes; but 
then they will also affect all the individual channels associated with 
each of those probes. As in Gervain et al. (2008) and Peña et al. 
(2003), we used total-Hb (previously band-pass filtered between 
0.02 and 0.7 Hz). Total-Hb is used with the reasoning that a move-
ment artifact should affect both wavelengths, and therefore both 
oxy and deoxy-Hb. A segment of signal was labeled as artifacted 
if two successive samples (separated by 100 ms because of the 
10 Hz sampling rate) differed by more than 1.5 mM·mm (as in 
Peña et al., 2003). This threshold operates under the assumption 
that hemodynamic responses normally do not change more than 
FiguRe 2 | (a) Design of the probe array showing distribution and 
separation of sources and detectors. Location of the 10 shallow channels 
(1–10) and 4 deep ones (4a,b and 7a,b) on an infant’s head. Crosses indicate 
detectors and stars sources. Channel 6 is aligned to the T3 position in the 
international 10–20 system. (B) Time course of Hb changes averaged over 
shallow and deep channels; in red oxy-Hb, in blue deoxy-Hb; dashed 
lines = 95% confidence intervals, dotted lines = the canonical HRF model. 
(C) Time course of Hb changes in all 28 channels collapsing across the 
conditions. Stars indicate a significant difference from zero (FDR corrected 
within channels).
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evaluation of infants’ brain activity by adjusting for differences in 
head size and the emitter-detector separation length (inter-probe 
separation) between adults and neonates.
Results
As shown in Figure 2, the infant HRF appears to be delayed by 
about 2 s with respect to the adult one for the oxy-Hb signal (95% 
confidence interval: [0.0, 2.0]) and by about 4 s for deoxy-Hb (95% 
confidence interval: [1.4, 5.8]). In shallow channels, the fit between 
the reconstructed oxy- and deoxy-Hb and the adult HRF model was 
of R = 0.97 and R = 0.96, respectively. The fit remained relatively 
good for deep channels for oxy-Hb (R = 0.84); but not so for deoxy-
Hb (R = 0.62). Given that there is a better correlation with the adult 
model for oxy-Hb, the rest of the analyses take into account only 
this variable. Results on deoxy-Hb showed a similar, but statisti-
cally weaker pattern; they are reported in Table A1 in Appendix. As 
in Minagawa-Kawai et al. (2011b), we have carried out the rest of 
the analyses for oxy-Hb with the adult HRF model shifted by the 
average phase lag (2 s). Activation results in the three conditions 
are represented in Figure 3 and summarized in Table 1. There were 
significant activations for the Temporal condition in two channels 
in the Left STG area (channels 4 and 7b, p < 0.05 corrected for mul-
tiple comparisons), and in five channels in homologous regions in 
the Right (channels 4, 4a, 7, 7a, and 8, p < 0.05 corrected). For the 
Control condition, only one channel survives multiple comparison 
(Right channel 5, p < 0.05 corrected). No channel was found to be 
reliably activated in the Spectral condition.
An Analysis of Variance with Hemisphere, Condition, and 
Depth as factors revealed a significant intercept [F(1, 28) = 17.4, 
p < 0.001] and an effect of Condition [F(2, 56) = 3.6, p = 0.03] but 
no other main effects or interactions [all other Fs < 1 except for 
Hemisphere × Condition × Depth, F(2, 56) = 1.9, p > 0.1; Figure 3]. 
The main effect of Condition was due to the Temporal stimuli evok-
ing greater activation, as evident on Figure 3. The separate ANOVAs 
suggested this effect may be stronger in shallow [F(2, 56) = 2.7, 
p = 0.08] than in deep [F(2, 56) = 4.0, p < 0.03] channels, but neither 
revealed any significant or marginal effects of or interactions with 
Hemisphere (all Fs < 0.6, p > 0.55). Moreover, even a preliminary 
inspection of channels selected on the basis of previously used 
ROIs reveals little in the way of an interaction between hemisphere 
and condition, as shown in Figure 4 (a number of children did not 
provide data for some of these comparisons: 1 for channels 3 and 
4a; 2 for channels 7a, 9, and 10). Although Channel 3 appears to 
follow half of the prediction (greater activation on the LH), the 
Condition × Hemisphere interaction is also non-significant in an 
ANOVA specific to this channel [F(2, 54) = 1.3, p > 0.1]. The same 
ANOVA was applied to deoxy-Hb data but none of the channels 
showed significant main effects nor interactions after correction 
for multiple comparisons.
dIscussIon
In this study, we have tested the possibility that newborns’ brain 
activation responds to the rate of change or spectral variability 
of the stimuli, and if so, whether briefer, spectrally simpler seg-
ments (Temporal) evoke left-dominant activations, whereas longer 
(Control), spectrally more variable (Spectral) stimuli capture the RH 
to a greater extent. The answer was clear in both cases: Activation 
equivalent to removing the artifacted signals prior to running the 
regression). The residuals of this analysis were taken as primary 
data on subsequent analyses.
HRF reconstruction
In order to reconstruct the hemodynamic response function for 
each infant and channel, a linear model was fitted with twenty 1-s 
boxcar regressors time-shifted by 0, 1, … , 19 s respectively from 
stimulus onset. These reconstructed HRF were averaged across all 
channels, and compared to an adult HRF model at various delays 
using a linear regression. The phase was estimated as the delay 
that yields the best regression coefficient within the range of (−2, 
6). Finally, bootstrap resampling of the individual subjects’ data 
(Westfall and Young, 1993; N = 10,000) was used to generate 95% 
confidence intervals for this optimal phase.
Analyses of activations
Experimental effects were analyzed by introducing three regres-
sors, one for each of the three conditions (temporal, spectral, 
control). Each of these regressors consisted of a boxcar on for the 
stimulation duration (with a value of 1) and off (with a value of 
zero) everywhere else, convolved with the HRF response using 
the optimal phase as described in the previous steps. As before, 
the regions of artifacts were silenced. The beta values for each 
channel and each conditions resulting from this GLM were tested 
against zero using a t-test. The t-test significance levels were 
corrected for multiple comparisons channel-wise using Monte 
Carlo resampling. This method consists in estimating the sam-
pling distribution of the maximum of the t value across chan-
nels under the null hypothesis (t
max
). The null hypothesis was 
obtained by flipping the sign of all beta values across channels 
randomly for each subject, computing the t-test across subjects, 
and finding the maximum of this statistics for that particular 
simulation. This procedure was repeated 10,000 times, providing 
an estimate of the t
max
 distribution, from which we derived the 
corrected p-values. To answer the main research question, the 
beta values were entered into Analyses of Variance in order to 
test whether the intercept was different from zero and whether 
there were effects of Condition (Temporal, Control, Spectral) or 
with Hemisphere (Left, Right). Three ANOVAs were carried out. 
The first included all of the channels averaged across channel 
position for each hemisphere and depth separately; thus, there 
were three within-subject factors: Condition (Temporal, Control, 
Spectral); Hemisphere (Left, Right); and Depth (Deep, Shallow). 
However, since deep and shallow channels have different light path 
length, we also carried out separate ANOVAs on shallow and deep 
channels. In the latter, there were only two within-subject factors: 
Condition (Temporal, Control, Spectral); and Hemisphere (Left, 
Right). Analyses of regions of interest (ROI) are frequently used 
in research on the signal-based hypothesis, and, as noted in the 
Introduction, these analyses highlight the role of STG, STS, and 
inferior parietal area. Consequently, we also report mean and SE 
for each of the six channels that tap those regions (3, 6, 7, 7a, 8, 
10). For spatial estimation of channel location in the brain, we 
employed the virtual registration method (Tsuzuki et al., 2007) to 
map NIRS data onto the MNI standard brain space. Although this 
method is basically applicable to adult brains, we adapted it for 
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rate of change. This rate of change was quantified as the Relative 
Entropy computed over adjacent 25 ms frames of a cochleogram’s 
representation of the stimuli. Both Telkemeyer et al. (2009) and 
our results fit a linear increase in brain activation as a function of 
Relative Entropy (stimuli that change too fast, as the 12 ms stimuli 
of Telkemeyer have actually a Lower Relative Entropy than stimuli 
that change at the 25 ms rate).
Thus, these findings are in good agreement with the recently 
revised version of the time-resolution model proposed by Poeppel 
et al. (2008), where it is hypothesized that fast changing stimuli 
elicit larger responses which are largely symmetrical. Our data 
complies with this prediction, as newborns had greater bilateral 
activations for the temporal condition than for the other condi-
tions. Interestingly, the same is not always found in adults. Careful 
was greater bilaterally for the Temporal stimulation than either 
Spectral or Control; but there was no evidence for hemispheric 
asymmetries dependent on the stimulus characteristics.
To the best of our knowledge, little attention has been devoted 
to overall changes in response depending on the rate of change 
in adults, a robust finding in the present study. This pattern had 
already been noted in the previous newborn study by Telkemeyer 
et al. (2009). In that work, five of the six channels exhibit greater 
activation in response to 25 ms segments than any of the other 
stimuli tested (Figure 4, p. 14730). One may interpret this result 
as a predisposition of the infant brain to respond to stimuli whose 
rate of change approximates that of speech, estimated at 25–35 ms 
by previous work (e.g., Poeppel and Hickok, 2004). In Figure 5, 
we present the average newborns’ brain responses as a function of 
FiguRe 3 | (a) Activation map for three conditions. The size of the circle/oval corresponds to p-value; and the color to β value. (B) Average activation for each 
condition, as a function of Hemisphere and Depth. Error bars correspond to SEs.
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FiguRe 5 | average newborn brain activation in the perisylvian areas as a 
function of rate of change as measured by average Relative entropy for 
the stimuli. (a) Spectral, Control, and Temporal stimuli used in the present 
study (B) Stimuli used in Telkemeyer’s study (2009). The average activations 
have been calculated over the three reported temporal channels in both 
hemispheres. Relative Entropy was computed as ∑ − ⋅+ +i ti ti ti tip p p p( ) log( / ),∆ ∆  
where pt
i  is the proportion of spectral energy in band i at time t, and 
∆ = 25 ms.
FiguRe 4 | average activation in six target channels. In each bar graph, activation amplitude is indicated as a function of hemisphere and condition.
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all stimuli are able to evoke activations measurable with NIRS. 
Moreover, one previous adult study suggests that simple tones 
evoke activation in deeper areas of the brain (Jamison et al., 2006). 
Although we have made an attempt to capture such activations 
by analyzing light absorption over long-distance channels, the 
paths traveled by this light may not have included the relevant 
structures. Additionally, a reviewer pointed out that, due to limita-
tions in infants’ frequency resolution, the stimuli should have been 
altered to provide a better match with the previous adult work. 
Novitski et al. (2007) have documented that newborns’ ERPs did 
not evidence detecting a change in a sequence of 100 ms tones 
separated by 700 ms inter-stimulus interval when the oddball 
deviated from the standard by only 5%; that is, 12.5 Hz away 
from a 250 Hz standard or 50 Hz away from a 1000 Hz standard. 
However, the response was reliable when the oddball differed by 
20% (50 Hz from the 250 Hz, 200 from the 1000 Hz). Newborns 
may not have been able to detect some of the spectral changes in 
the Spectral condition, since our stimuli were sampled at 32 steps 
between 500 and 1000 Hz. Yet, the probability of two subsequent 
segments being less than 5% away is only 20%; therefore, 80% of 
the transitions could probably be detected by the newborns. While 
expanding the range of variation to two octaves and sampling at 
larger intervals is certainly an avenue worth exploring, we remain 
agnostic as to the power of this strategy, given that no channel in 
either hemisphere was activated either during this condition, nor 
the Control condition, where there were easily detectable 500-Hz 
frequency changes.
Another way in which an underlying asymmetry could have 
escaped detection is due to technical limitations in NIRS. In addi-
tion to the problem of detecting activation below the cortical sur-
face mentioned above, NIRS channels necessarily travel in a limited 
path, and due to their spacing, low-density NIRS may fail to capture 
particular activation foci. Indeed, as pointed out by Rutten et al. 
(2002), lateralization is more accurately measured by limiting the 
analyses to specified regions, which is not feasible with low-density 
NIRS as used here. The activation area captured with NIRS appears 
broader than it really is, and thus NIRS fails to capture strong signals 
from discrete activation foci.
An even larger question that also awaits further data is whether 
signal-driven hypotheses still stand a good chance to explain left 
lateralization for language. These hypotheses face a number of chal-
lenges, the first of which, as briefly stated in the Introduction, is the 
definition of the stimulus characteristics yielding robust lateraliza-
tion patterns. Disentangling the precise physical characteristics that 
drive the hemispheric dominance patterns could be resolved by 
further experimentation with more minimalistic stimuli.
The second challenge for the explanatory power of this class of 
hypotheses for language relates to the fit between these distinguish-
ing characteristics and speech itself. With the gain in precision of 
the implementation of the hypothesis, our work faces the loss of 
its explanatory power, as it is clear that speech has both short and 
long segments, fast and slow transitions, temporal and spectral 
contrasts, etc. It is, nonetheless, possible that some combination 
of these factors succeeds in perfectly describing language, though 
this is also an empirical problem, which could be addressed as a 
first approach by doing multiple regressions on speech with the 
proposed factors as regressors.
inspection of previous research results also shows greater activation 
for temporally complex stimuli in some cases (Jamison et al., 2006, 
Table 1, p. 1270: The Temporal > Spectral contrast activates 1354 
voxels in HG and STG, and the Spectral > Temporal contrast, 197 
voxels in STG; so at least eight times as many voxels activated for 
Temporal than Spectral); but not in others (Zatorre and Belin, 2001, 
Figure 3, p. 950: total average CBF in Anterior STG was identical for 
the Temporal and Spectral conditions; Boemio et al., 2005, Figure 4, 
p. 392, activation in STG decreases linearly with temporal rate). This 
is certainly a question that deserves further investigation with both 
infant and adult populations.
As for the question of asymmetries induced by the present stim-
uli, it is clear that the current study on newborns fails to replicate 
the PET (Zatorre and Belin, 2001) and fMRI (Jamison et al., 2006) 
adult results found with a superset of the same stimuli. However, 
our results line up with the previous newborn study, where the 
evidence for lateralization was scarce (one-tailed t-test on 1 chan-
nel selected among 6, 0.03 < puncorr < 0.05; Telkemeyer et al., 2009). 
Given that two studies on a comparable population yielded similar 
results, this may indicate initially weak signal-driven asymmetries. 
Such a result may not be too surprising, given that the hypoth-
esized etiologies for these asymmetries do indeed strengthen with 
development. Previous research has suggested three possible bases 
underlying hemispheric signal-driven specialization: myelination 
and column spread (Zatorre and Belin, 2001), structural connec-
tivity between STS and STG (Boemio et al., 2005), and functional 
connectivity among auditory areas (Poeppel and Hickok, 2004). 
A good deal of research has documented the dramatic changes in 
myelination and structural connectivity as a function of devel-
opment (see for example, Paus et al., 2001; Haynes et al., 2005; 
Dubois et al., 2006), and functional connectivity from EEG, MRI, 
and NIRS studies begin to draw a picture of rapidly changing, 
increasingly complex connections (e.g., Johnson et al., 2005; 
Lin et al., 2008; Gao et al., 2009; Homae et al., 2010). As Homae 
et al. (2010) put it, “the infant brain is not a miniature version 
of the adult brain but a continuously self-organizing system that 
forms functional regions and networks among multiple regions 
via short-range and long-range connectivity” (p. 4877). Efficient 
hemispheric specialization relies on synaptic bases for rapid inter-
hemispheric communication of neural signals. This system may 
not be sufficiently developed in neonates. Indeed, recent work 
documents that long-range functional connectivity across hemi-
spheres is not present in the temporal and parietal areas in young 
infants (Homae et al., 2010).
Nonetheless, there is an alternative explanation, according to 
which all of the necessary components for signal-based asym-
metries are present and functional by full-term birth, but our 
study simply failed to reveal them, for example due to problems 
with the stimuli. To begin with, given that studies using language 
or music stimuli have been able to uncover hemispheric asym-
metries in newborns (Peña et al., 2003; Gervain et al., 2008; Perani 
et al., 2010; Arimitsu et al., this volume), it could be the case that 
our non-speech, pure-tone stimuli fails to evoke a strong enough 
response that would allow the assessment of interactions of stim-
uli type by hemisphere. In line with this explanation, notice that 
in Peña et al. (2003), backward speech failed to activate auditory 
areas (a result replicated in Sato et al., 2006), suggesting that not 
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Naturally, the final challenge of these hypotheses lies not in their 
potential explanatory power, but in their empirical fit. On the one 
hand, it is clear that a substantial number of researchers have aban-
doned signal-driven explanations for the left lateralization of speech 
processing, and instead propose that acoustic characteristics can 
only modulate overall activation or right dominance (Poeppel et al., 
2008). On the other hand, we know that, at some point, acoustic 
characteristics give way to linguistic characteristics, such that vowel 
and pitch contrasts (spectral, slow, lower frequency…) elicit strong 
left dominance, just as consonants do, but only if they belong to 
the listener’s language. Zatorre and Belin (2001) have proposed 
that the signal driven hypothesis only provides an initial bias, but 
language later takes a life of its own. Indeed, we recently proposed 
a model of speech acquisition and brain development in which left 
dominance for language is the result not of a single bias, but a com-
bination of factors whose significance is modulated by development 
(Minagawa-Kawai et al., 2007, 2011a). This model proposes that 
signal-driven biases dominate activation patterns at an early stage 
of speech acquisition, such that hemispheric lateralization is deter-
mined primarily by the acoustic features of the spoken stimuli. As 
infants gain in language experience, they begin to acquire sounds, 
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activation in response to speech is best described as domain-driven, 
as it results in an increased leftward lateralization exclusively for the 
first language categories. Although evidence on the development of 
lateralization continues to be sparse, current data on infants’ listen-
ing to speech or non-speech are accurately captured by this model. 
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vowel contrasts (Minagawa-Kawai et al., 2007, 2009) and right-
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aPPendIx
Table a1 | Levels of activations (deoxy-Hb changes) for temporal, control and spectral conditions.
Channel Temporal Control Spectral
β T N p 
(unc)
p 
(corr)
β T N p 
(unc)
p 
(corr)
β T N p 
(unc)
p 
(corr)
LeFT SHaLLow
2 IFG −0.0080 −2.14 29 0.044 ns
3 aSTG −0.0051 −2.39 29 0.027 ns
4 STG/IFG −0.0067 −2.14 29 0.044 ns −0.0057 −2.01 29 0.056 ns −0.0050 −1.73 29 0.091 ns
5 precentral −0.0061 −1.90 29 0.068 ns
7 STG −0.0064 −2.25 29 0.035 ns
9 pSTG/STS −0.0054 −2.19 29 0.040 ns −0.0058 −2.81 28 0.011 ns
LeFT deeP
4b  FG/
postcent 
postcentral
−0.0047 −2.80 28 0.011 ns
7b/TG/FG −0.0032 −1.84 29 0.076 ns −0.0045 −2.69 28 0.014 ns
RigHT SHaLLow
1 MFG/IFG −0.0052 −1.72 28 0.092 ns
2 IFG −0.0054 −2.48 29 0.022 ns
3 aSTG −0.0054 −2.06 29 0.051 ns −0.0046 −1.94 29 0.063 ns
4 STG/IFG −0.0068 −2.47 29 0.023 ns −0.0050 −1.92 29 0.066 ns
5 Precentral −0.0045 −1.78 29 0.083 ns
6 STG/STS −0.0054 −2.54 29 0.019 ns −0.0063 −2.39 29 0.027 ns −0.0081 −3.12 29 0.005 ∼
9 pSTG/STS −0.0065 −2.44 29 0.024 ns
N, number of children contributing data for that channel and condition; unc, uncorrected; corr, corrected; MFG , middle frontal gyrus; IFG, inferior frontal gyrus; a, 
anterior; STG, superior temporal gyrus; STS, superior temporal sulcus; p, posterior; MTG, middle temporal gyrus; FG, frontal gyrus; TG, temporal gyrus.
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